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013.07.0Abstract Faster response to orientation varying is one of the outstanding abilities of a parallel
kinematic machine (PKM). It enables such a system to act as a reconﬁgurable module employed
to machine large components efﬁciently. The stiffness formulation and analysis are the before-
hand key tasks for its parameters design. A novel PKM with four degrees of freedom (DOFs)
is proposed in this paper. The topology behind it is 2PUS–2PRS parallel mechanism. Its semi-
analytical stiffness model is ﬁrstly obtained, where the generalized Jacobian matrix of 2PUS–
2PRS is formulated with the help of the screw theory and the stiffness coefﬁcients of complicated
components are estimated by integrating ﬁnite element analysis and numerical ﬁtting. Under the
help of the model, it is predicted that the property of system stiffness distributes within the given
workspace, which features symmetry about a certain plane and is also veriﬁed by performing
ﬁnite element analysis of the virtual prototype. Furthermore, key parameters affecting the system
stiffness are identiﬁed through sensitivity analysis. These provide insights for further optimization
design of this PKM.
ª 2013 Production and hosting by Elsevier Ltd. on behalf of CSAA & BUAA.
Open access under CC BY-NC-ND license.1. Introduction
In the ﬁeld of aerospace manufacturing, in order to ensure
sufﬁcient strength, many large thin-walled alloy structural
parts need to be manufactured through high-speed milling
to remove excess material, and the removal ratio is often very27403610.
. Song).
orial Committee of CJA.
g by Elsevier
ng by Elsevier Ltd. on behalf of C
40high, sometimes up to 80% or more. Accordingly, a higher
efﬁciency is required for manufacturing equipment. Nowa-
days, most successful equipment in the developed countries
is a type of ﬂexible manufacturing unit based on reconﬁgura-
ble PKM modules, such as Tricept1 and Sprint Z3.2 Their
outstanding advantages are faster transformation of position
and orientation, and at the same time, high stiffness, low
inertia, and reconﬁgurability. For this sense, domestic schol-
ars have also developed studies on similar modules, such as
TJU-A3 head.3 In order to obtain higher rigidity, some
redundant PKMs are also studied.4,5 This paper proposes an-
other PKM module with 4 DOFs named 2PUS–2PRS, which
can play a similar role in a high-speed milling unit of large
structural parts.SAA & BUAA. Open access under CC BY-NC-ND license.
Fig. 1 3D model of a high-speed manufacturing unit for large
components.
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Fig. 2 3D model of the PKM.
1578 Y. Li et al.Stiffness is one of the most important performances of a
PKM and also affects accuracy, carrying capacity, and smooth
movement. Therefore, higher stiffness is often taken as the
objective to design its parameters, and thus can allow the
machine have higher machining and feeding speeds while pro-
viding desired loading precision, surface ﬁnish, and tool life.6–8
In recent years, domestic and overseas scholars have al-
ready made lots of efforts for stiffness evaluation and design
of PKMs. Most of them are focused on the stiffness modeling
method because of its complexity and challenge. In the ﬁrst
place, the research can be broadly divided into two types,
i.e., the analytic method9–14 and the ﬁnite element method.15–
18 The former is proposed based on the principle of virtual
work ﬁrstly by Gosselin,9 where the stiffness model is ex-
pressed in a linear function of Jacobian matrix and compo-
nents matrix. Following this idea, a lot of research has been
performed for different parallel mechanisms. However, for a
PKM with less than 6 DOFs, the Jacobin matrix is not com-
plete and only concerns the actuation part in the ﬁrst place,
and as a result, the stiffness models only consider the active
joint ﬂexibility and ignore the limb deformation along the con-
straint direction. The problem had not been completely solved
until Joshi and Tsai19 proposed a simple yet effective approach
to calculate overall Jacobin matrix based on the reciprocal
screw theory. In addition, another typical approach based on
virtual joint or spring20–22 is also proposed for a complete stiff-
ness model. Beneﬁted from the analytic expression, the ana-
lytic method can quickly predict the stiffness distribution in
the whole workspace, but is not suitable for a PKM including
complicated components, because an accurate analytic expres-
sion is not available. At the same time, some experts make a lot
of efforts for more precise stiffness models based on the ﬁnite
element method. However, due to indispensable re-meshing
over and over again at different conﬁgurations, it is very
time-consuming.
With the development of stiffness modeling methods, the
semi-analytic method attracts more and more interests from
researchers.23–25 In this idea, numerical analysis is applied to
solve stiffness of a component with a complicated shape, and
the stiffness of a simple component is still computed by the
use of analytic expression. This method can not only achieve
a certain computational accuracy, but also permit a fast calcu-
lation. However, a speciﬁc approach of numerical analysis
should be found for different mechanisms, which is critical
to obtain accurate stiffness estimation. Following this idea,
an approach for stiffness formulation and analysis is devel-
oped for this novel 4-DOF PKM.
Contents in this paper are organized as follows. Firstly, a
brief description of the 2PUS–2PRS PKM is given and its in-
verse position analysis is formulated. Secondly, a stiffness
model is formulated by using the overall Jacobin matrix and
can take into account all components deformation associated
with actuation and constraints, where the joint is permitted
to contain several parts. Due to the complex geometry of the
components, a semi-analytic approach is proposed for
evaluating the components stiffness. Thirdly, in order to verify
the correctness and effectiveness of the method, ﬁnite element
analysis of the system at certain conﬁguration is performed.
Additionally, stiffness performance of the PKM is evaluated
within the deﬁned workspace. Finally, the relationships
between the systematic stiffness and main parameters are inves-
tigated, from which key parameters are identiﬁed.2. System description
The conceptual design of a high-speed milling unit of large
structural parts based on a PKM module with 4 DOFs is dem-
onstrated in Fig. 1.
As shown in Fig. 2, the solid model shows the topological
characteristic of the 2PUS–2PRS PKM and the corresponding
schematic diagram is illustrated in Fig. 3.
The PKM consists of a mobile platform, a ﬁxed base, and
four limbs with two types of topological structures. Limb 1
and limb 3 are unconstrained limbs and have six DOFs. They
have identical kinematical structure, which connects the ﬁxed
base to the mobile platform by a prismatic joint (P) and a uni-
versal joint (U), followed by a spherical joint (S) in sequence.
Limb 2 and limb 4 are constrained limbs and have the same
kinematic structure, which connects the ﬁxed base to the mo-
bile platform by a prismatic joint (P) and a revolute joint
(R), followed by a spherical joint (S) in sequence. Each of them
has ﬁve DOFs and applies a constraint force on the moving
platform. Therefore, the moving platform has four DOFs,
i.e., two translational DOFs along z-axis and y-axis and two
rotational DOFs about x-axis and y-axis. In order to guaran-
tee the mobile platform to realize desirable movement, the fol-
lowing conditions must be satisﬁed: (i) the R joint axes are
parallel, and (ii) all of the ﬁrst axes of the U joints are parallel
and perpendicular to the R joint axis, and all the other axes of
the U joints are orthogonal to the ﬁrst axes. Without loss of
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Fig. 3 Schematic diagram of the PKM.
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base, where the P joints are driven by linear actuators assem-
bled on the ﬁxed base.
Compared with Sprint Z3, the advantage of this PKM is
without parasitic motion. Moreover, this PKM has four DOFs
and can be applied to manufacturing with one extra transla-
tion DOF, which is helpful to obtain more compact structures.
3. Kinematic analysis
3.1. Coordinate systems
In order to formulate the stiffness model of the 4-DOF PKM,
the coordinate systems are built up and inverse position anal-
ysis is given ﬁrst in this section.
For the sake of convenience, as shown in Fig. 3, Ai (i= 1,
2, 3, 4) denotes the intersection point between the linear guide
and the ﬁxed base, while Bi and Ci are the centers of the spher-
ical and universal joints, respectively. All points of Ai and Bi
are located in a square shape.
The ﬁxed frame Oxyz is set at the center O of the ﬁxed base,
and the moving frame Puvw is established on the mobile plat-
form at the center P, with z and w axes being perpendicular to
the platform. x-axis is coincident with the vector A1A3, and u-
axis is along the vector B1B3. y and v axes follow the right-
hand rule. The orientation matrix of the moving frame Puvw
with respect to the ﬁxed frame Oxyz can be formulated using
three Euler angles26,27 as follows
R¼
cosh sinhsin/ sinhcos/
sinwsinh coswcos/sinwcoshsin/ coswsin/sinwcoshcos/
coswsinh sinwcos/þcoswcoshsin/ sinwsin/þcoswcoshcos/
2
64
3
75
ð1Þ
where w, h and / are three Euler angles.
3.2. Inverse position analysis
As shown in Fig. 3, based on the closed-loop vector equation,
the position vector of the point P, here rp = [px py pz]
T, can be
expressed as the following
rp ¼ ai þ diei þ liwi  Rb0i ¼ rbi  Rb0i i ¼ 1; 2; 3; 4 ð2Þwhere li and wi are the length and the unit vector of the ith limb
CiBi; di and ei represent the distance of AiCi and the unit vec-
tor, respectively; ai = a[cosbi sinbi 0]
T and b0i = b[cosbi sinbi
0]T are the position vectors of Ai and Bi measured in Oxyz
and Puvw, respectively, in which a and b are the radii of the
ﬁxed base and the mobile platform, and bi = p(i+ 1)/2 are
the position angles of x and u axes.
Note that the constraints imposed by the two parallel R
joints keep Bi in limb 2 and limb 4 not move in the x direction,
which leads to
rb2x ¼ 0
rb4x ¼ 0
8><
>: ð3Þ
where rb2x and rb4x is the x-aixs component of the vector rb2
and rb4, respectively.
Inserting Eqs. (1) and (3) into Eq. (2) gives
sin h sin/ ¼ 0
px ¼ 0
8><
>: ð4Þ
Then it is obviously concluded only four among six parameters
are independent. Without losing generality, taking h, w, py, and
pz as the four generalized coordinates, the inverse position
problem can be solved by
di ¼ eTi ðrp  ai  liwi þ Rb0iÞ i ¼ 1; 2; 3; 4 ð5Þ
Therefore, once given the four independent parameters of the
moving platform, the lengths of the four prismatic joints can
be solved from these equations.
3.3. Jacobian matrix generation
Based on the reciprocal screw theory 27, the overall Jacobin
matrix of this mechanism can be derived. Each of the screws
is in the direction along the axes of the joints, where the U joint
and the S joint are equivalently replaced by two and three
orthogonal unit screws, respectively. In addition, an instanta-
neous reference frame Px0y0z0 is deﬁned, axes of which are al-
ways parallel to those of the ﬁxed frame, and all the joint
screws are expressed in this instantaneous reference frame.
With vO and x respectively denoting the angular and linear
velocities of the mobile platform about the reference point,
the twist of the mobile platform can be written as
$ ¼ tTO xT
 T
For the unconstrained PUS limbs, the six unit joint screws of
the limb can be written as
$^1i ¼ ½ST1i 0T
T
$^2i ¼ ½ðci  S2iÞT S2iT
$^3i ¼ ½ðci  S3iÞT S3iT
$^4i ¼ ½ðbi  S4iÞT S4iT
$^5i ¼ ½ðbi  S5iÞT S5iT
$^6i ¼ ½ðbi  S6iÞT S6iT
8>>>>>><
>>>>>>:
i ¼ 1; 3
where bi = Rb0i and ci = bi-liwi, i= 1, 3; Sji represents a unit
vector along the jth joint axis of the ith limb.Hence the instan-
taneous twist $ of the mobile platform can be expressed as the
linear combination of all joint screws
Section 1    Section 2      Section 3   Section 4 
Fig. 4 Assembly diagram of PRS.
Section 1     Section 2     Section 3    Section 4 
Fig. 5 Assembly diagram of PUS.
1580 Y. Li et al.$ ¼ _di$^1i þ _h2i$^2i þ _h3i$^3i þ _h4i$^4i þ _h5i$^5i þ _h6i$^6i i ¼ 1; 3 ð6Þ
where _hji (j= 2,3,4,5,6) is the magnitude of the corresponding
joint screw.
For the constrained chain PRS limbs, the ﬁve unit joint
screws of the limb can be written as
$^1i ¼ ½S1i 0T
$^2i ¼ ½ðci  S2iÞT S2iT
$^3i ¼ ½ðci  S3iÞT S3iT
$^4i ¼ ½ðbi  S4iÞT S4iT
$^5i ¼ ½ðbi  S5iÞT S5iT
8>>>><
>>>>:
i ¼ 2; 4
Hence the instantaneous twist $ of the mobile platform can
also be expressed as
$ ¼ _di$^1i þ _h2i$^2i þ _h3i$^3i þ _h4i$^4i þ _h5i$^5i i ¼ 2; 4 ð7Þ
According to the reciprocal screw theory 27, each PRS limb has
a reciprocal screw passing through the center of the S joint and
parallel to the R joint as well as orthogonal to all the joint
screws of the ith limb, which is expressed as
$^ri ¼
bi  S2i
S2i
 
i ¼ 2; 4 ð8Þ
Taking the reciprocal product of both sides of Eq.(7) with Eq.
(8) leads to two equations, which can be written into a matrix
form as
Jc$ ¼ 0 ð9Þ
where Jc is named the constraint Jacobian and expressed as
Jc ¼
ST22 ðb2  S22ÞT
ST24 ðb4  S24ÞT
" #
26
If locking all the actuators, each limb will increase one recipro-
cal screw $^ai, which is reciprocal to all the passive joint screws
of the ith limb and expressed as
$^ai ¼
bi  S4i
S4i
 
i ¼ 1; 3
bi  S3i
S3i
 
i ¼ 2; 4
8>><
>>:
ð10Þ
Similarly, taking the reciprocal products of both sides of Eqs.
(6) and (7) with Eq. (10), respectively, leads to four equations,
which can be assembled in a matrix form
Ja$ ¼ _q0 ð11Þ
where _q0 ¼ ½ _d1 _d2 _d3 _d4T denotes the vector of the actuated
joint rate and Ja is deﬁned as the actuation Jacobian as
follows
Ja ¼
ST41
ST41S11
ðb1  S41ÞT
ST41S11
ST32
ST32S12
ðb2  S32ÞT
ST32S12
ST43
ST43S13
ðb3  S43ÞT
ST43S13
ST34
STS1434
ðb4  S34ÞT
ST34S14
2
666666666666664
3
777777777777775
46Combining Eq.(11) and Eq.(9) leads to a matrix form as
follows
J$ ¼ _q ð12Þ
where J ¼ ½JTa JTc 
T
; _q ¼ ½ _d1 _d2 _d3 _d4 0 0T is the extended vector
of the joint rate and J is named the generalized Jacobian
matrix.
4. Stiffness model derivation
4.1. Analytical stiffness matrix
Based on the principle of virtual work, a stiffness model is
established in this section. Firstly, some assumptions should
be given that are (i) the rigidities of the ﬁxed base and the mo-
bile platform are inﬁnite; (ii) the friction of the joints and the
effects of the gravity are ignored.
According to the principle of virtual work, the components
stiffness matrix K and the system overall stiffness matrix K are
related by 24,27
K ¼ JTKJ ð13Þ
where K is known as the overall stiffness matrix about the
point P, which is also a 6 · 6 symmetric positive semi-deﬁnite
matrix, K is the components stiffness matrix of all limbs so that
K ¼ Ka 042
024 Kc
" #
where Kc=diag(kc2, kc4) and Ka=diag(ka1, ka2, ka3, ka4); kai is
the axial stiffness coefﬁcient at Bi along the ei direction of the
ith limb and kci is the bending stiffness coefﬁcient at Bi along
the axis of the R joint of the constraint limb.
To formulate K, as shown in Figs. 4 and 5, each of the limbs
is divided into four sections: (1) the spherical joint assembly;
(2) the stabilizer bar; (3) the universal joint assembly in the
Stiffness modeling and analysis of a novel 4-DOF PKM for manufacturing large components 1581unconstraint limbs and the revolute joint in the constraint
limbs; (4) the lead-screw assembly. From the structures shown
in Figs. 4 and 5, each limb can be considered as a spring system
in series and then the actuated stiffness kai and the constrained
stiffness kci can be derived by the relationship
k1ai ¼
X4
j¼1
k1aij i ¼ 1; 2; 3; 4
k1ci ¼
X3
j¼1
k1cij i ¼ 2; 4
8>>><
>>>:
ð14Þ
where kaij represents the equivalent actuated stiffness coefﬁ-
cients of the jth sections of all the limbs; kcij is the equivalent
constrained stiffness coefﬁcients of the jth sections of the con-
straint limbs.4.2. Stiffness matrix of components
4.2.1. Spherical joint and universal joint assembly
As well known, the spherical joint is designed as a combination
of three revolute joints with their axes being orthogonal to
each other. Thus, the S joint can be decomposed into three
parts, and part 1 connects to the stabilizer bar via the ﬁrst rev-
olute joint, while part 3 is rigidly ﬁxed to the mobile platform.
Since the three parts of the spherical joint are connected in
series, the equivalent stiffness coefﬁcient of the spherical joint
can be solved by assuming them as a serial spring system.24
The same method can also be used to solve the equivalent
stiffness coefﬁcient of the U joint.4.2.2. Stabilizer bar and R joint assembly
In order to enhance the bending stiffness of the constraint
limbs, the trapezoidal shape of the stabilizer bars are adopted.
While the unconstraint limbs just bear axial load, hence their
stabilizer bars are designed as circular sections for smartness
and light weight yet rigidity. Because they are complex and
don’t vary with the conﬁguration, kci2 and kai2 can be directly
obtained by using the ﬁnite element method.
Similarly, the stiffness coefﬁcients of the R joint can be
solved in the same way.Table 1 Structure and pose parameters of the PKM.
Type Parameter Value
Structure a (mm) 450
b (mm) 200
l (mm) 687
Pose py (mm) 0
pz (mm) 200
W () 30
h () 04.2.3. Lead-screw assembly
The lead-screw assembly includes a lead screw, a slide-way, a
nut, a slider, a motor with coupler, and two bearings. The
bending stiffness of the lead-screw assembly is ignored, since
the slider and the slide-way are comparatively rigid. Therefore
the equivalent axial stiffness coefﬁcient is just related with the
nut, the two bearings, and the lead screw.
Therefore its equivalent axial stiffness coefﬁcient is deter-
mined by the positions of the nut and the two bearings as well
as their installation methods, so
k1al ¼ L1L2=EAðL1 þ L2Þ þ k1an þ k1ar ð15Þ
Here, EA is the tensile modulus of the lead screw, L1 is the dis-
tance between the nut and the front bearing, while L2 is the dis-
tance between the nut and the rear bearing. kan and kar are the
stiffness coefﬁcients of the nut and the rear support bearing,
respectively. Note that the front bearing is free to move.4.3. Stiffness performance indices deﬁnition
4.3.1. Various stiffness indices
Once the overall stiffness matrix is derived, some stiffness per-
formance indices can be deﬁned to investigate stiffness perfor-
mance of this parallel kinematic machine within the whole
workspace.
Notice that this PKM mainly performs milling operations,
so the following indices deﬁnitions are selected.24
kx ¼ 1=C0ð1; 1Þ
ky ¼ 1=C0ð2; 2Þ
kz ¼ 1=C0ð3; 3Þ
kw ¼ 1=C0ð6; 6Þ
8>><
>>:
ð16Þ
where C0(R, R) is the corresponding diagonal element of the
compliance matrix C0 = K1; kx, ky, and kz are the linear stiff-
ness along three orthogonal axes, respectively; kw is the
torsional stiffness about w-axis.
4.3.2. Global stiffness performance index
In order to perform sensitivity analysis and identify the key
parameters greatly affecting the system stiffness, a global stiff-
ness performance index is deﬁned
K ¼
P
A1=rminðC0Þ
A
ð17Þ
where rmin(C0) is the minimal singular value of the compliance
matrix C0 at a certain conﬁguration 24, and A presents the area
of the whole workspace.
By using these given parameters, the system stiffness along/
about each direction can be solved based on Eq. (16).
4.4. Numerical veriﬁcation of the stiffness model
The parameters of geometry and conﬁguration are given in
Table 1, and the stiffness coefﬁcients of the three parts of the
S joint and the U joint are listed in Tables 2 and 3, respectively,
while Tables 4 and 5 show the stiffness coefﬁcients of the R
joint and the stabilizer bar, respectively. In addition, the
parameters of the lead-screw assembly are given in Table 6.
In order to testify the correctness and effectiveness of the
stiffness model, ﬁnite element analysis of the PKM is also con-
ducted at the speciﬁed conﬁguration. The deformations of the
system under unit force/moment are shown in Fig. 6, where the
SolidWorks Simulation software is used to perform the FEM
of the PKM. Fig. 6(a)–(c) show the deformations of the system
under the unit force along the directions of x-axis, y-axis, and
z-axis, respectively. Fig. 6(d) is the deformation of the system
(a) Deformation along x-axis
(b) Deformation along y-axis
(c) Deformation along z-axis
(d) Deformation about z-axis
Fig. 6 Deformation with unit force/moment imposed at the point P.
Table 5 Stiffness coefﬁcients of the stabilizer bar in their own
frames.
Limb No. Stabilizer bar stiﬀness coeﬃcients (N/lm)
Actuation direction Constraint direction
1, 3 2226
2, 4 1624 75
Table 4 Stiffness coefﬁcients of the R joint in their own
frames.
R joint stiﬀness coeﬃcients (N/lm)
x-Direction y-Direction z-Direction
158 145 213
Table 2 Stiffness coefﬁcients of the S joint in their own
frames.
Part No. Stiﬀness coeﬃcient (N/lm)
x-Direction y-Direction z-Direction
1 60 68 165
2 1495 190 195
3 110 78 90
Table 3 Stiffness coefﬁcients of the U joint in their own
frames.
Part No. Stiﬀness coeﬃcient (N/lm)
x-Direction y-Direction z-Direction
1 120 70 32
2 1254 1254 2773
3 120 70 32
1582 Y. Li et al.
Table 7 Results obtained by the semi-analytic method and by
FEA.
Parameter Value of semi-analytic Value of FEA
kx (N/lm) 48.7 45.3
ky (N/lm) 10.0 9.4
kz (N/lm) 91.8 84.4
kw (Nm/rad) 1.28 · 106 1.13 · 106
(a) Linear stiffness kx
(b) Linear stiffness ky
(c) Linear stiffness kz
(d) Torsion stiffness kw
Fig. 7 Stiffness distributions of the PKM in the workspace
(w= 30 and h= 0).
Table 6 Parameters of the lead-screw assembly.
Parameter Value Description
D (m) 25 Diameter of the lead screw
L (mm) 1200 Length of the lead screw
EA (N) 1.03 · 108 Tensile modulus of the lead screw
kan (N/lm) 300 Stiﬀness coeﬃcient of the nut
kar (N/lm) 150 Stiﬀness coeﬃcient of the rear support
bearing
Stiffness modeling and analysis of a novel 4-DOF PKM for manufacturing large components 1583under the unit moment about the direction of z-axis. Based on
the deformations, the corresponding stiffness can be solved as
listed in Table 6.
The results obtained by semi-analytic method and FEA are
also summarized in Table 7. It can be seen that the results from
the semi-analytic method match well with those evaluated by
FEA.
5. Stiffness analysis
5.1. Stiffness distributions in the workspace
Once the stiffness matrix in one conﬁguration is derived, the
stiffness within the given workspace can be derived straightfor-
wardly using the same method.
Without lose of generality, a speciﬁed workspace is deﬁned
as py e [0.3, 0.3] m and pz e [0.6, 0.6] m, h= 0, and
w= 30. Now the stiffness distributions of the PKM in the
workspace are illustrated in Fig. 7. From those ﬁgures, it is
very easy to observe that the linear stiffness along z-axis is
much higher than those in the other two directions, and vari-
ations of all stiffness follow the symmetric feature about a
plane, which is coincide with the topological feature of the
PKM. In addition, the linear stiffness in the z and x directions
do not change very much, and the linear stiffness ky and the
torsion stiffness kw have the same variation tendency. There-
fore, this PKM possesses a relatively stable stiffness variation
within the given sub-workspace.
5.2. Stiffness sensitivity analysis
In order to ﬁnd the optimal parameters of the PKM to guar-
antee higher stiffness, sensitivity analysis is performed here
to show that the relationships between the global stiffness of
the PKM and the key parameters. The global stiffness index
is given as in Eq.(17), variations of which following the key
parameters are shown in Fig. 8.
As seen from Fig. 8 (a), the ratio of the radii of the mobile
platform and the ﬁxed base, k, has great inﬂuence on the stiff-
ness of the PKM when it is small, and a smaller ratio is helpful
to obtain higher stiffness. However, due to limitations of thesizes of the four spherical joints and considering the rule of
mini size, the ratio can not be too small. Fig. 8 (b) shows that
the length of the constant bar, L, affects the stiffness very little,
(a) The ratio λ
(b) The length L
(c) The diameter D
Fig. 8 Relationships between the key parameters and the global
stiffness.
(a) The stabilizer bar
(b) The universal joint
(c) The spherical joint
Fig. 9 Relationships between the stiffness of key components
and the overall stiffness.
1584 Y. Li et al.so its effects can be ignored in the optimization design.
Fig. 8(c) reveals that the diameter of the lead screw, D, has rel-
atively important inﬂuences on the stiffness, and the bigger the
diameter is, the higher the stiffness is. However, the inﬂuence is
gradually decreased with increasing diameter.As well known, due to the use of the bearings, the joints are
often the main sources of ﬂexibility. Therefore, variations of the
global stiffness following the stiffness of components of joints
are investigated here, as shown in Fig. 9, where the abscissa axis
denotes the changing in the proportion of corresponding com-
ponent stiffness. Fig. 9 (a) shows that the change of the stabi-
Stiffness modeling and analysis of a novel 4-DOF PKM for manufacturing large components 1585lizer bar stiffness has slight inﬂuence on the global stiffness,
while the changes of the universal and spherical joints bring
greater effects. It can be concluded that the stabilizer bar stiff-
ness is relatively good, and more attention should be paid to
improving the structures of the universal and spherical joints.
6. Conclusions
(1) The semi-analytic method is simple yet effective to for-
mulate the stiffness model of the 4-DOF PKM, which
can also take into account all of the component
deformations.
(2) The computed results from the stiffness model are veri-
ﬁed to match well with those of the ﬁnite element anal-
ysis. Moreover, stiffness along/about each direction is
symmetrically distributed within the given workspace,
which is helpful to obtain excellent performance.
(3) Sensitivity analysis shows that the ratio of the radii of
the two platforms has important effect on the stiffness.
The structures of universal and spherical joints should
be paid more attention to in order to improve their
stiffness.Acknowledgements
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